High-quality coalescence overgrowth of patterned-grown GaN nanocolumns on c-plane sapphire substrate with metal organic chemical vapor deposition is demonstrated. Although domain structures of a tens of micron scale in the overgrown layer can be identified with cathodoluminescence measurement, from atomic force microscopy ͑AFM͒ measurement, the surface roughness of the overgrown layer in an area of 5 ϫ 5 m 2 is as small as 0.411 nm, which is only one-half that of the high-quality GaN thin-film template directly grown on sapphire substrate ͑the control sample͒. Based on the AFM and depth-dependent x-ray diffraction measurements near the surface of the overgrown layer, the dislocation density is reduced to the order of 10 7 cm −2 , which is one order of magnitude lower than that of the control sample and two to three orders of magnitude lower than those of ordinary GaN templates for fabricating light-emitting diodes. Also, the lateral domain size, reaching a level of ϳ2.7 m, becomes three times larger than the control sample. Meanwhile, the ratio of photoluminescence intensity at room temperature over that at low temperature of the overgrown sample is at least six times higher than that of the control sample. Although the strain in nanocolumns is almost completely released, a stress of ϳ0.66 GPa is rebuilt when the coalescence overgrowth is implemented.
I. INTRODUCTION
The growth of GaN nanocolumns on c-plane sapphire or Si substrate is appealing because the nanocolumns can be dislocation-free due to the lateral strain relaxation in the column geometry. [1] [2] [3] [4] [5] Also, an InGaN/GaN light-emitting diode ͑LED͒ has been grown on nanocolumns to achieve high indium content and high-crystal quality. 6 However, for device fabrication, a planar geometry is preferred. Therefore, coalescence overgrowth on such high-crystal-quality GaN nanocolumns becomes an important issue. With coalescence overgrowth, we can prepare low-dislocation-density GaN templates for device fabrication. GaN nanocolumns can be grown by molecular-beam epitaxy ͑MBE͒ and metal organic chemical vapor deposition ͑MOCVD͒ with the methods of self-organized growth, 7, 8 regrowth on a selective mask, 9 and catalyst-assisted growth. 10, 11 To implement parallel and vertical nanocolumns with MOCVD, normally patterned growth is preferred. Regularly arranged GaN nanocolumns created via patterned MOCVD growth by using interferometric lithography have been demonstrated. 12 Nanocolumn growth followed by coalescence overgrowth with MBE has also been reported. 13 Recently, MOCVD coalescence overgrowth of MBE-grown self-organized GaN nanocolumns on Si substrate was reported by this group. 14 However, further improvement of the quality of the overgrown layer is needed. The quality of the overgrown layer depends on the quality of column array, including its regularity. In this paper, high-quality coalescence overgrowth of patterned-grown GaN nanocolumns with MOCVD on c-plane sapphire substrate is demonstrated. A fairly regular pattern of nanocolumn based on nanoimprint lithography is first deposited, followed by a two-dimensional growth procedure, leading to a smooth overgrown layer of significantly higher crystal and optical qualities. Two depth-dependent x-ray diffraction ͑XRD͒ techniques are used to monitor the progress of crystal quality during the process of coalescence overgrowth. The XRD and photoluminescence ͑PL͒ comparisons between the overgrown sample and a GaN thin-film template used for nanocolumn growth show the significantly superior quality near the surface of the overgrown layer. Such a GaN template is useful not only for high-quality device fabrication but also for an easier laser lift-off process in fabricating vertical LEDs. In Sec. II, the nanocolumn growth and coalescence overgrowth conditions are discussed. Also, the characterization techniques are presented. The characterization results are shown in Sec. III. Finally, conclusions are drawn in Sec. IV. grown at 1050°C after the nucleation layer of 40 nm grown at 530°C on c-plane sapphire substrate, an 80 nm SiO 2 layer was deposited at 300°C with plasma-enhanced chemical vapor deposition. Then, nanoimprint lithography was applied to open circular holes of 250 nm in diameter and 500 nm in distance between the nearest neighboring hole centers with the hexagonal pattern on the SiO 2 layer created through reactive ion etching. At the beginning of MOCVD growth, the substrate temperature was set at 1050°C with a chamber pressure of 100 torr and a V/III ratio of 1100. 5 s after the growth was started, the flow rates of trimethylgallium ͑TMGa͒ and ammonia were alternatively on/off modulated for nanocolumn growth. 12 During the growth with flow-rate modulation, the flow rates of TMGa and ammonia were 12.5 mol/ min and 500 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, respectively. The durations of supplying TMGa and ammonia were 20 and 30 s, respectively. GaN nanocolumns of ϳ1 m in height were obtained after a period of 30 min. For coalescence overgrowth, the chamber pressure and V/III ratio were changed into 200 torr and 3900, respectively, with the growth temperature kept at 1050°C. The continuous flow rates of TMGa and ammonia were 3.5 mol/ min and 1500 SCCM, respectively. Under such growth conditions, the growth rate was ϳ1.3 m / h. Coalescence overgrowth of 90 min led to an overgrown layer of ϳ2 m in thickness. To demonstrate the improved quality of the coalescence overgrowth on nanocolumns, a sample of the aforementioned GaN template for nanoimprint process was used as the control sample for comparison.
II. GROWTH CONDITIONS AND CHARACTERIZATION TECHNIQUES
The control and overgrown samples were examined with PL and depth-dependent XRD measurements. The PL measurement was excited with a 325 nm HeCd laser. In the XRD measurement, two depth-dependent techniques were used for calibrating crystal parameters. First, we used a three-beam XRD technique for plotting the rocking curves in the ͑01-13͒/͑0-11-2͒ plane at various depths by changing the x-ray incident angle. [15] [16] [17] [18] In such a measurement, depending on the incident angle of the x-ray beam, the XRD data mainly come from a certain depth of the sample. In the second depthdependent XRD method, a two-beam technique is used for calibrating the screw dislocation density, edge dislocation density, and the lateral domain size based on the equation
Here, ⌫ hkl is the measured full width at half maximum ͑FWHM͒ of the diffraction pattern in the ͑hkl͒ plane, is the angle between the diffraction plane and the sample surface, ⌫ tilt and ⌫ twist are the FWHMs of the tilt and twist angle distributions, respectively, L is the lateral domain size, and K hkl is the diffraction wavenumber in the ͑hkl͒ plane. In Eq. ͑1͒, n is a parameter describing the shape of the measured rocking curve with n = 2 for a Gaussian distribution, 1 Ͻ n Ͻ 2 for a pseudo-Voigt distribution, and n = 1 for a Lorentzian distribution. The unknowns L, ⌫ tilt , and ⌫ twist can be obtained by numerically solving a set of three equations of three diffraction planes, i.e., three ͑hkl͒ sets. After ⌫ tilt and ⌫ twist are obtained, the screw dislocation density, screw , and edge dislocation density, edge , can be obtained through Figure 1͑a͒ shows a tilted plan-view scanning electron microscopy ͑SEM͒ image of the hexagonally arranged GaN nanocolumns, which have the cross-sectional shape of hexagon. Here, one can see that with a few exceptions, the sizes of columns are quite uniform. The column heights are about 1 m and the average cross-sectional size is around 300 nm. The column spacing is fixed at 500 nm by the nanoimprint mold. Along the c-axis, the column cross section is also quite uniform. In Fig. 1͑b͒ , we show a cross-sectional SEM image demonstrating the bottom of a nanocolumn. Here, the bottom edges of the SiO 2 masks ͑80 nm in thickness͒ of slanted walls define the 250 nm hole diameter. The column crosssectional size ͑300 nm͒ is larger than the diameter of the hole. Figures 2͑a͒ and 2͑b͒ show the plan-view and crosssectional SEM images, respectively, of the overgrowth sample. One can see that the overgrown surface is quite smooth. From the cross-sectional image, one can identify three layers, corresponding to the overgrown layer ͑I͒, the nanocolumn layer ͑II͒, and the GaN template layer ͑III͒. We can then estimate the thicknesses of the overgrown layer and the nanocolumn layer in this overgrown sample to give ϳ2 and ϳ1 m, respectively. In preparing the cross-sectional SEM sample, the parts of certain columns buried in the GaN template were removed, leaving the holes in the GaN template layer. A cross-sectional SEM image demonstrating the interface between the template and nanocolumn layers and the SiO 2 masks in between is shown in Fig. 2͑c͒ . The air gaps between nanocolumns are partially filled during the overgrowth process. Here, the original column walls are depicted by the vertical dashed lines. The surface roughness of the overgrown layer was monitored with atomic force microscopy ͑AFM͒ measurement. In Figs. 3͑a͒ and 3͑b͒ , we compare the AFM images ͑5 ϫ 5 m 2 ͒ of the control ͑a͒ and overgrowth ͑b͒ samples. Here, one can clearly see the smoother surface of the overgrowth sample. From the AFM image of 5 ϫ 5 m 2 in dimension, we can calibrate the pit density of 3 ϫ 10 8 cm −2 and surface roughness of 0.834 nm in the control sample and the pit density of 2 ϫ 10 7 cm −2 and surface roughness of 0.411 nm in the overgrowth sample. The surface roughness of a 10ϫ 10 m 2 area was calculated to give a slightly larger value at 0.540 nm.
III. CHARACTERIZATION RESULTS OF THE GROWN SAMPLES
Figures 4͑a͒ and 4͑b͒ show the cross-sectional cathodoluminescence ͑CL͒ image of the overgrowth sample with an electron acceleration voltage of 15 kV and the SEM image taken at the same location, respectively. Here, one can see that the emission intensity in the nanocolumn layer is stronger than that in the overgrown layer, manifesting the higher optical quality of the grown nanocolumns. The higher emission efficiency of the nanocolumns is attributed to their lower dislocation density 12, 14 that can be due to the dislocation bending behavior when a nanocolumn emerges from a hole on the SiO 2 mask during the early stage of nanocolumn growth. 20 Figures 5͑a͒ and 5͑b͒ show the plan-view CL images of 5000-time magnification with electron acceleration voltages of 6 and 15 kV, respectively, at about the same location. With 6 and 15 kV electron acceleration voltages, the penetration depths of the excitation electron are estimated to be 300 and 1300 nm, respectively, in GaN. 21 Here, the voids and defects of nearly random distributions result in the random pattern of emission. In a shallower layer, the coalescence process is more complete and hence the dark spot area becomes smaller, as shown in Fig. 5͑a͒ . To demonstrate a larger-area distribution, the 1000-time cross-sectional CL images of 3 and 15 kV in electron acceleration voltage at about the same location are shown in Figs. 6͑a͒ and 6͑b͒ , respectively. With the voltage at 3 kV, the electron penetration depth is around 90 nm. 21 For reference, the plan-view SEM image of the same location is also shown in Fig. 6͑c͒ . Here, one can see the domain structure in the overgrown layer with the domain size in the range of several tens of microns. The contrast between the domain centers and boundaries becomes stronger in the CL image of deeper electron penetration. However, the domain patterns are the same at different depths. In other words, the domain pattern was 
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formed at the early stage of coalescence, within the first several hundred nanometer of the coalescence overgrowth. A close look at the SEM image leads to the identification of the domain structure, as shown in Fig. 6͑c͒ ͑exemplified by the indication of arrows͒. Figure 7͑a͒ shows the depth-integrated XRD rocking curves in the ͑0002͒ plane of the three samples. In such measurements, the x ray can penetrate as deep as 5 -6 m in GaN. The FWHMs of the control, nanocolumns, and overgrowth samples are 220, 303, and 256 arc sec, respectively. As shown in Fig. 7͑b͒ , the rocking curve of the nanocolumns sample can be decomposed into two components, including the broader one from the nanocolumns and the narrower one from the template beneath. Their FWHMs are 629 and 226 arc sec, respectively. The 226 arc sec of the narrower component is consistent with the 220 arc sec of the control sample. The obtained 303 arc sec of the nanocolumns sample in Fig. 7͑a͒ is mainly contributed by the template layer beneath. The measured 256 arc sec of the overgrowth sample in Fig. 7͑a͒ is slightly overestimated due to the broad rocking curve contribution from the nanocolumns beneath. The broad FWHM ͑629 arc sec͒ of the rocking curve in the nanocolumns sample shown in Fig. 7͑b͒ implies that different columns still have significant variations in crystal orientation even though they stem from the same GaN template and each individual nanocolumn can be almost dislocation free. Because the GaN template has a coherent domain of a finite size, the growths of the nanocolumns at different locations may start with slightly different crystal orientations. The variations of crystal orientation can be enhanced during the process of column growth because the air gap provides the space for extending the twist and tilt ranges. The crystal orientation variations among various nanocolumns or domains of small size ͑ϳ300 nm in the lateral dimension͒ lead to the large FWHM in the XRD rocking curve from the nanocolumns. The XRD data shown in Fig. 7͑a͒ cannot properly reflect the crystal quality of an individual nanocolumn. Meanwhile, they cannot provide us with information about the difference of crystal quality between the overgrown layer and the template layer. Depth-dependent XRD measurement is needed. Figure 8 shows the depth-dependent rocking curve FWHMs of the control and overgrowth samples based on the three-beam XRD measurement in the ͑01-13͒/͑0-11-2͒ plane. Because of the strong x-ray scattering from the nanocolumn distribution, it becomes difficult to calibrate the depth- dependent crystal quality of nanocolumns. Here, one can see that the crystal quality of the control sample, corresponding to a rocking curve FWHM of ϳ3400 arc sec, is quite uniform along depth until the depth beyond 1.6 m. In the overgrowth sample, the crystal quality increases along overgrowth thickness until it is saturated at the depth of ϳ600 nm to reach ϳ1700 arc sec in rocking curve FWHM. In other words, near the top surface of the overgrowth sample, the crystal quality is significantly improved when compared to the GaN template. Figure 9 shows the depth-dependent variations of skew dislocation density, edge dislocation density, and lateral domain size of the overgrown layer, which are obtained from the two-beam XRD technique described by Eqs. ͑1͒-͑7͒. One can see that all the three parameter values saturate when the depth is smaller than 600 nm, which is consistent with the result shown in Fig. 8 . In other words, under the current nanocolumn growth and coalescence overgrowth conditions, additional overgrowth beyond ϳ1.5 m in thickness will not further improve the crystal quality. Near the surface of the overgrowth sample, the skew dislocation density, edge dislocation density, and lateral domain size are 2.1 ϫ 10 7 cm −2 , 4.8ϫ 10 7 cm −2 , and 2756 nm, respectively. The crystal quality represented by those values is significantly better than that of the control sample, which is described by the values of 1.1ϫ 10 8 cm −2 , 6.7ϫ 10 8 cm −2 , and 824 nm for the skew dislocation density, edge dislocation density, and lateral domain size, respectively. The related AFM and XRD measurement results are listed in Table I for clear comparison. Generally, the dislocation density of the overgrowth sample is one order of magnitude smaller than that of the control sample. Also, the lateral domain size near the surface of the overgrowth sample is more than three times larger when compared to that of the control sample. The crystal quality of the overgrowth sample near the surface is significantly better than that of a commonly used GaN thin-film template grown on c-plane sapphire substrate, which has threading dislocation density in the range of 10 9 -10 10 cm −2 . Our control sample represents a particularly good template. Figure 10 shows the temperature-dependent integrated PL intensities of the three samples. Because the absorption coefficient of GaN at 325 nm is around 1 ϫ 10 5 cm −1 , 22 the PL measurement reflects the optical quality of a layer ϳ100 nm in thickness near the surface of the overgrown layer. The ratio of the integrated intensity at room temperature over that at 10 K is related to the density of nonradiative recombination center. This ratio in the overgrowth sample is about six times that of the control sample ͑increased from 1.1% to 6.7%͒, indicating that the density of nonradiative recombination center near the surface of the overgrowth sample is significantly reduced when compared to the control sample. In Fig. 10 , the corresponding value of the nanocolumns is also shown as 9.9 %, confirming that the optical quality of the nanocolumns is higher than those of the overgrown layer and the control sample. Figures 11͑a͒ and 11͑b͒ show the normalized PL spectra of the three samples at 10 K and room temperature, respectively. Here, at either 10 K or room temperature, one can see that the spectral distributions of the overgrown layer and the control sample are similar. However, that of the nanocolumns sample is significantly redshifted. At 10 K, three peaks in the PL spectra of the overgrowth and control samples, including one major peak around 355.5 nm due to donorbound exciton recombination and two minor peaks at 354.8 and 356 nm, corresponding to free exciton A ͓FE͑A͔͒ and acceptor-bound exciton, respectively. 23, 24 The relatively stronger FE͑A͒ feature in the overgrowth sample, compared to the control sample, confirms that the defect density in this sample is lower. The PL spectrum of the nanocolumns is quite different. It is redshifted and broadened. The redshift is attributed to the relaxation of compressive strain in the nanocolumns. The spectral broadening mainly results from the different degrees of strain relaxation among different columns. The single peak of the nanocolumn spectrum ͑357.1 nm͒ coincides with the reported value of FE͑A͒ of fully strain-relaxed GaN ͑356.8-357.3 nm͒. 1, 25, 26 This coincidence implies that FE͑A͒ dominates the emission of the nanocolumns. In other words, the densities of donor and acceptor defects are lower in the nanocolumns when compared to the control and overgrowth samples. At room temperature, the two peaks in the PL spectra of all the three samples ͑around 362 and 368 nm in the overgrowth and control samples, and around 363.5 and 379 nm in the nanocolumn sample͒ are formed because of the existence of a reabsorption feature between the two spectral peaks. 27 The thermal energy reduces the difference of strain relaxation between the overgrowth ͑control͒ and nanocolumns samples such that the separation of the major PL spectral peaks between the two groups of samples is decreased.
Based on the separation of the major spectral peaks between the overgrowth and nanocolumns samples ͑1.5 nm or 14 meV͒ in Fig. 11͑b͒ , by using the proportionality factor of K = 21.2 meV/ GPa, 28 we find that at room temperature, a stress of 0.66 GPa is built during the overgrowth process. Because the PL spectral peaks of the control and overgrowth samples are about the same, the stress in the overgrown layer is expected to be about the same as that in the template ͑the control sample͒. The confocal micro-Raman spectroscopy is also used as a tool to quantify the stress in GaN according to the frequency position of the E 2 ͑high͒ mode. To improve the depth resolution, the size of the confocal hole was minimized to 30 m. The normalized E 2 ͑high͒ mode of the three samples measured at room temperature is shown in Fig. 12 . Here, the high Raman-shift shoulder in the curve of the nanocolumn sample corresponds to the signal collected from the template layer beneath. The major peaks of Raman shift in the nanocolumns, overgrowth, and control samples are 567.9, 570.7, 570.4 cm −1 , respectively. Therefore, the difference in Raman shift between the overgrowth layer and the nanocolumns is 2.8 cm −1 . Based on the stress coefficient of 4.2 cm −1 GPa −1 , 29 one can estimate the stress built in the overgrown layer to give 0.67 GPa, which is quite consistent with that estimated from the PL spectral shift.
IV. CONCLUSIONS
In summary, we have demonstrated the high-quality coalescence overgrowth of patterned-grown GaN nanocolumns on c-plane sapphire substrate with MOCVD. Although domain structures of a tens of micron scale in the overgrown layer were identified with CL measurement, the surface roughness of the overgrown layer in an area of 5 ϫ 5 m 2 was only 0.411 nm, which was about one-half that of the GaN template for nanocolumn growth ͑the control sample͒. Based on the AFM and depth-dependent XRD measurements, near the surface of the overgrown layer, the dislocation density was reduced to the order of 10 7 cm −2 , which is one order of magnitude lower than that of the control sample and two to three orders of magnitude lower than those of ordinary GaN templates for LED fabrication. Also, the lateral domain size was increased to a level of ϳ2.7 m, which is more than three times that of the control sample. The ratio of PL intensity at room temperature over that at a low temperature of the overgrown sample was at least six times higher than that of the control sample. Although the strain in nanocolumns was almost completely released, a stress of ϳ0.66 GPa was rebuilt when the coalescence overgrowth was implemented.
